Bipolaris maydis race T toxin (BmT), and its functional analog, methomyl, uncoupled Texas male-sterile (T) cytoplasm mitochondria by decreasing the resistance of the inner membrane to protons. However, unlike protonophoric or ionophoric agents, BmT toxin and methomyl induced irreversible swelling. Packed volume measurements showed that mitochondrial volume was irreversibly increased by methomyl and BmT toxin indicating that mitochondria no longer functioned as differentially permeable osmometers. The decreased resistance of inner mitochondrial membranes to protons and the loss of osmotic volume regulation suggests that methomyl and BmT toxin induced the formation of hydrophilic pores in T mitochondrial inner membranes.
Mitochondria isolated from etiolated shoots of T cytoplasm4 maize seedlings are susceptible to BmT toxin, but mitochondria from N cytoplasm maize seedlings are resistant to BmT toxin. Both in vitro (6, 23, 24) and in vivo (20) T mitochondria have shown rapid responses to the toxin. Mitochondria within T cytoplasm-protoplasts and isolated T mitochondria showed similar ultrastructural changes after treatment with BmT toxin while mitochondria within N cytoplasm-protoplasts were unaffected (8, 26) .
The report by Humayden and Scott (12) that the carbamate insecticide methomyl affected T, but not N, sweet corn with visual symptoms mimicking those of BmT toxin led to the use of methomyl as a toxin analog. Methomyl was found to affect T mitochondria in an analogous manner to BmT toxin (5, 15, 16) .
Progress has been made toward understanding the mode of action of BmT toxin and methomyl on mitochondrial membranes. It has been suggested that BmT toxin causes a specific disruption of the inner membrane ofT mitochondria (6, 20, 21) . Gengenbach et al. (6) concluded that membrane disruption could be responsible for the overall effects of methomyl and BmT toxin on T mitochondria. In contrast, Koeppe et al. (15) showed no apparent membrane disruption by methomyl at concentrations ' 
MATERIALS AND METHODS
Corn mitochondria (Zea mays L., WF9 x B37) with T cytoplasm were isolated from 3-d-old etiolated shoots by the procedure of Miller et al. (22) .
Proton transport and 02 uptake experiments were conducted in a 4-ml glass, temperature-controlled (28°C) reaction cell. Proton movements were measured by pH electrode and were recorded on a single channel recorder. 02 concentration, measured polarographically, and volume changes, measured as percentage of light transmittance through the cell at 520 nm, were recorded simultaneously on a dual channel recorder. Approximately 1 mg mitochondrial protein (per 4 ml) was used in each experiment. Protein concentration was determined by the procedure ofLowry et al. ( 19) with BSA standards.
Mitochondrial packed volume was measured in siliconized glass mitocrit tubes as described by Yoshida (27). The final (washed) mitochondrial pellet was resuspended in 0.5 M sucrose (20 mM Tris, pH 7.4) to a final protein concentration of approximately 10 mg/ml. One-half (1/2) ml aliquots of the suspension were diluted with sucrose solutions of varying molarities to a final volume of 4 ml. Mitochondrial suspensions were aspirated into calibrated mitocrit tubes (total volume, 2.5-2.7 ml) and centrifuged for 45 min at 1 1,900g in a Sorvall OTD-65 ultracentrifuge (AH-627, swinging bucket rotor). The height of the mitochondrial pellet was determined with a machinist's micrometer.
RESULTS AND DISCUSSION
A useful experimental technique to study energy-linked transport employs reaction media that contains an impermeable solute such as sucrose. Sucrose inhibits passive swelling and maximizes influx and efflux pumping by active components (10, 14) . Upon the cessation of substrate oxidation, mitochondria contract as accumulated ions diffuse out across the membrane, reaching passive osmotic equilibrium. Contraction, passive or active, is an osmotic phenomenon (18) which is dependent on the osmotic integrity of the inner membrane (9) . Compounds that damage the osmotic integrity of the inner membrane will eliminate contraction with no possible reversal of swelling. Thus, we chose to investigate the effects of BmT toxin and methomyl on T mitochondrial volume changes and substrate oxidation in a sucrose-supported reaction medium.
Uncoupling and Swelling of T Cytoplasm Mitochondria. Uncoupling and swelling induced by Val are shown in Figure IA . Val is a widely used lipid-soluble, potassium-binding ionophore which, in the presence of K+, alters steady state swelling and stimulates respiration due to cyclic ion transport (10) . The K+ present initially in Figure I is endogenous to the mitochondria (approximately 172 nmol/mg protein) (10) Figure 2A . Nig, an exogenous K+/H+ exchanger, induced contraction of Val-swollen mitochondria. Nig did not, however, reverse methomyl-or BmT toxin-induced swelling (Fig. 2, B and C) . The effects of methomyl and BmT toxin on ion efflux pumping by Nig further substantiates the hypothesis that these compounds alter the osmotic integrity of the inner membrane.
Uncoupling and Swelling of NEM-Treated Mitochondria. To determine whether methomyl-or toxin-induced swelling is dependent on a functional influx pump, NEM was added to block the Pi-/OH-antiport (Fig. 3) . When NEM was added to block phosphate influx via the Pi-/OH-antiport, subsequent addition of Val produced slight shrinkage (Fig. 3A) . The extent of uncoupling by Val was less in the presence of NEM (solid line). Substrate oxidation inhibited by NEM was associated with the action of the Pi-/OH-antiport, and the remainder due to the K+/H+ antiport and proton leakage (10) .
In contrast to its inhibition of ionophore-stimulated respiration, NEM did not inhibit the uncoupling of respiration by methomyl, BmT toxin, or FCCP (Figs. 3, B-D (Fig.  3, B and C) . Unlike ionophore-induced volume changes, neither methomyl nor BmT toxin required a functional influx pump to alter mitochondrial volume. This observation was supported by passive swelling studies (Fig. 4) (Fig. 5) . At a sucrose concentration of 0.15 M, methomyl and BmT toxin increased mitochondrial volume 31% and 46%, respectively, compared with control mitochondria. As the concentration of sucrose was increased, only a slight decrease in the volume of methomyl-and toxin-treated mitochondria was observed. In fact, the difference in volume between control and treated mitochondria was greater as the concentration of sucrose was increased (compare slopes of best fit lines). In contrast, Valinduced volume expansion was completely reversed as the concentration of sucrose was increased (data not shown). If methomyl-and toxin-treated mitochondria were capable of osmotic volume regulation, then the volume of treated mitochondria would have been similar to the volume of control mitochondria at high osmoticant (sucrose) concentrations. The present results, therefore, suggest that methomyl and the toxin prevented osmotic volume regulation possibly owing to a loss of differential permeability of the inner mitochondrial membrane.
A recent report by Berville' et al. (2) Figure 6 . Upon the addition of Succ, acidification of the external media occurred as protons were pumped out across the inner mitochondrial membrane (Fig. 6A) . Upon the addition of ADP, the pH of the external media increased as the proton gradient was utilized during oxidative phosphorylation (state III). Reacidification of the external media occurred during the subsequent state IV as the resistance of the mitochondrial membrane to protons increased. After the addition of methomyl, BmT toxin, or FCCP, the pH of the external medium increased as the resistance of the inner membrane to protons was rapidly diminished (Fig. 6B ). Subsequent addition of ADP did not induce a state III-state IV transition due to the collapse of the proton gradient by FCCP, methomyl, and BmT toxin (Fig. 6B) 
